Until recently, ground-state nuclear moments of the heaviest nuclei could only be inferred from nuclear spectroscopy, where model assumptions are required. Laser spectroscopy in combination with modern atomic structure calculations is now able to probe these moments directly, in a comprehensive and nuclearmodel-independent way. Here we report on unique access to the differential mean-square charge radii of 252;253;254 No, and therefore to changes in nuclear size and shape. State-of-the-art nuclear density functional calculations describe well the changes in nuclear charge radii in the region of the heavy actinides, indicating an appreciable central depression in the deformed proton density distribution in 252;254 No isotopes. Finally, the hyperfine splitting of
Until recently, ground-state nuclear moments of the heaviest nuclei could only be inferred from nuclear spectroscopy, where model assumptions are required. Laser spectroscopy in combination with modern atomic structure calculations is now able to probe these moments directly, in a comprehensive and nuclearmodel-independent way. Here we report on unique access to the differential mean-square charge radii of 252;253;254 No, and therefore to changes in nuclear size and shape. State-of-the-art nuclear density functional calculations describe well the changes in nuclear charge radii in the region of the heavy actinides, indicating an appreciable central depression in the deformed proton density distribution in 252;254 No isotopes. Finally, the hyperfine splitting of 253 No was evaluated, enabling a complementary measure of its (quadrupole) deformation, as well as an insight into the neutron single-particle wave function via the nuclear spin and magnetic moment. The heaviest elements owe their existence to a subtle balance between the attractive nuclear force and the Coulomb repulsion. The attractive force leads to strong shell effects that increase the binding energy, and thus the half-life, by more than 15 orders of magnitude compared to early expectations [1] . Coulomb rearrangement plays a key role in superheavy nuclei, resulting in a central depression in the density distribution, and may even result in bubble nuclei (see Ref. [2] and references therein). Unfortunately, measurements of charge or matter radii have stopped short of transfermium nuclei. The nuclei between the spherical isotopes reveal information on the nuclear spin, nuclear moments, and differential nuclear mean-charge radii [11] . Atom-at-a-time laser spectroscopy of the heavy actinide element nobelium (No, Z ¼ 102), in which the
was identified [12] , was a prerequisite for our studies. Here, we report detailed laser spectroscopy on the nobelium isotopes 252;253;254 No from which, in combination with state-of-the-art atomic calculations, information on the underlying nuclear structure is obtained.
The radiation detected resonance ionization spectroscopy (RADRIS) technique [13, 14] 12 particles per second). The fusion-evaporation products, recoiling from the PbS targets, with a thickness of about 440 μg=cm 2 , were separated in flight from the primary beam by the separator for heavy ion reaction products (SHIP) [16] . At best, four ions per second were injected into a buffer-gas stopping cell installed at the focal plane of SHIP. A 3.5-μm-thick, aluminized Mylar foil window separated the gas environment of the gas cell from the high vacuum of SHIP. The ions were thermalized in 95 mbar ultrahigh-purity argon gas (99.9999%), accumulated, and neutralized on a tantalum catcher filament. For a short time during every measurement, the primary beam was chopped out before the filament was heated to temperatures of about 1050°C, at which neutral nobelium atoms are efficiently released [17] . For best performance, we varied the collection time with respect to the half-life of the isotope [18] No (T 1=2 ¼ 51.2 s). The released atoms were probed by two laser beams of suitable wavelengths in a two-step photoionization scheme (see inset in Fig. 1 ). The second step was set to a wavelength λ 2 ¼ 351 nm such that the total excitation energy exceeded the first ionization potential (IP) for nonresonant ionization, with a pulse energy density of 2 mJ=cm 2 . This laser efficiently ionized atoms that were excited to the 1 P 1 state, as well as the fraction of atoms where the population was subsequently transferred to a long-lived atomic state by gas collisions [19] . Ions created by resonant laser ionization were guided by electrostatic potentials to a silicon detector and identified by their characteristic α-decay energy or additionally by the detection of high energetic fission fragments in the case of 252 No. This method enables a selective and efficient laser spectroscopy, resulting in a total efficiency of 3.3(1.0)% for No [12] . To probe nuclear properties of the nobelium isotopes, we scanned the first excitation step around the 1 P 1 level with a resolution of about 4 GHz (FWHM) limited mainly by the laser bandwidth (1.2 GHz) and collisional broadening (4 GHz). For
252
No, we operated the laser with an increased laser bandwidth of 5.5 GHz, which reduced the final resolution, but also reduced the number of scan steps for a more efficient beamtime usage. The measured spectra are shown in Fig. 1 .
Besides a shift of the resonance centroid of the individual isotopes, the spectrum of the odd-mass isotope
253
No additionally features a splitting. This originates from the hyperfine interaction that leads to a coupling of the electron angular momentum J with the nuclear spin I. The resulting splitting ΔE HFS depends on the total angular momentum F and the hyperfine coupling constants A HFS ¼ μðB e =IJÞ and B HFS ¼ eQ s hð∂ 2 V=∂z 2 Þi, where μ and Q s are the magnetic dipole moment and the spectroscopic quadrupole moment of the nucleus, respectively. The magnetic dipole moment μ couples to the magnetic field created by the electron orbital at the nucleus B e , while Q s links to the electric field gradient at the nucleus hð∂ 2 V=∂z 2 Þi with the elementary charge e. These atomic parameters, which are isotope independent and connect atomic observables to nuclear properties, were obtained from state-of-the-art atomic calculations. Different theoretical approaches were applied to calculate these parameters for nobelium: configuration interaction (CI) with the single-double coupled cluster No spectrum indicate the position and strength of the individual hyperfine structure components with total angular momentum F ¼ 7=2, 9=2, and 11=2 at 3.99 GHz, 4.10 GHz, and 10.74 GHz, respectively. The inset shows a schematic ionization scheme.
method (CI þ all orders) [20] , CI combined with manybody perturbation theory (MBPT) [21] [22] [23] , and relativistic Fock space coupled cluster (FSCC) [24] as well as multiconfiguration Dirac-Fock (MCDF) calculations [25, 26] . The results of these calculations are summarized in Table I . In general, the different methods agree with one another to within about 20%. By applying a newly developed method which is based on the CI technique but treats high-energy states perturbatively (CIPT method) [27] , the influence of configuration mixing on the investigated 1 P 1 level was evaluated at the cost of an increased uncertainty. This allowed us to verify and exclude a possible scenario of a strong mixing with core excitations. From systematic investigations of chemical elements with similar electronic configurations, the most accurate values for the hyperfine coupling parameter B e =J and the isotope field shift constant F s are expected for CI þ all orders calculations. Thus, these results were taken for extracting the nuclear properties. CI þ all orders calculations and FSCC calculations provide the same uncertainty for the parameter h∂ 2 V=∂z 2 i for which an average value of 0.476ð70Þ GHz=eb was used in the evaluation.
From a total of three HFS transitions to the
No, only two were resolved. The splitting of the hyperfine structure (HFS) levels depends on the nuclear spin. Under the assumption of a prolate shape of the No, which features an even proton number, Z ¼ 102, and an odd neutron number, N ¼ 151, the nuclear magnetic properties arise mainly from the unpaired neutron. Our experimental determination of the magnetic dipole moment to μð
NoÞ ¼ −0.527ð33Þð75Þ μ N therefore enables probing nuclear shell model predictions of the underlying nuclear single-neutron wave function. The first parenthesis refers to the statistical uncertainty (1σ), and the second parenthesis refers to the uncertainty from atomic calculations. The nuclear magnetic moment of the bandhead of a rotational band in a well-deformed nucleus, such as that expected in the case of 253 No, can be written as
It depends on the rotational g factor 0.7Z=A ≤ g R ≤ Z=A
[31] and the single-particle intrinsic g factor g K , which so far was calculated from nuclear models. From our data on the magnetic moment, an average value of g exp K ¼ −0.22ð5Þ is extracted, which considers the stated range of g R . This result is consistent with a calculated value of g K ¼ −0.25 reported in Refs. [29, 32] for the Ið 253 NoÞ ¼ 9=2 − ½734 ground-state configuration, while it disagrees with a different calculated value g K ¼ −0.12, reported in Ref. [33] .
From the B HFS value of the HFS splitting, a spectroscopic quadrupole moment of Q s ð 253 NoÞ ¼ þ5.9ð1.4Þð0.9Þ eb is deduced, indicating a strong prolate deformation of the
No nucleus, in agreement with the observation of K-isomers in nobelium isotopes [5] . From [7, 8] . These values indicate a constant deformation in the isotope chain of nobelium around the neutron shell closure N ¼ 152.
Information on the deformation of the even mass nuclei
252;254
No with zero nuclear spin can be obtained from laser spectroscopic measurements through a complementary route. The change in deformation is manifested in the isotope shift (IS) of an atomic transition δν
between two isotopes A and A 0 with masses m A and m A 0 . IS values of δν 254;253 ¼ 6.72ð18Þ GHz and δν 254;252 ¼ 10.08ð69Þ GHz were measured in this work. The IS arises from a mass shift, with a mass-shift constant M, and a field shift, with a field-shift constant F s . The latter is the dominant factor for heavy elements and is characterized by the density of the electron wave function inside the nucleus. The IS is related to the change in the nuclear mean square charge radius δhr 2 i A;A 0 by
The constants M and F s were determined by atomic calculations, as summarized in Table I . The obtained changes in mean square charge radii for the nobelium isotopes in comparison to experimental values for other actinides [34, 35] are shown in Fig. 2 . The experimental results for different actinide isotopes agree well with calculated values from self-consistent nuclear density functional theory (DFT) without any symmetry restrictions [38] for even-even nuclides obtained with two Skyrme functionals. An alternative to the Skyrme functionals are the Fayans functionals, which recently have been optimized with a focus on charge radii [39] . However, those functionals overestimate the pairing correlations particularly in the actinide region, which could have a significant influence on the results. The proton density distribution for 254 No predicted by UNEDF1 is shown in Fig. 3 . The calculated distribution clearly indicates the deformation as well as a central depression, which originates from the strong Coulomb repulsion (see, e.g., Refs. [2, 40, 41] ). The maximum in quadrupole deformation, defined by the deformation parameter β 2 , is predicted by the DFT calculations to be around N ¼ 148, as shown in the upper panel in Fig. 3 . For the nobelium isotopes, this results in a deformation parameter which only changes slightly for the investigated isotopes. This is in line with other calculations [4, 42, 43] , experimental results from in-beam gamma spectroscopy of
No [7, 44] , and the spectroscopic quadrupole moment from our HFS measurements in
253
No. The central depression of the proton distribution is displayed in the lower panel in Fig. 3 . The relative depth of the central depression, defined as ðρ max − ρ c Þ=ρ max with the maximum proton density ρ max and the proton density in the center ρ c , increases with an increasing deformation parameter, which leads to an additional contribution to the charge radii. In general, our experimental results are in good agreement with DFT calculations. For comparison, the results of δhr 2 i from a parameterization of a droplet model (DM) [45, 46] at a constant deformation, as typically done in laser spectroscopic investigations up to the lead region [11] , are shown for Z ¼ 90-102 in Fig. 2 No and even Z actinide nuclei starting from thorium, is plotted as a function of the neutron number with arbitrary offset. For each element, the DFT calculations with two Skyrme energy density functionals, UNEDF1 [36] (dashed line) and SV-min [37] (solid line), are shown. The slope according to a schematic droplet model assuming a constant deformation for the actinide elements referenced to N ¼ 138 is marked in gray. increase in charge radii is underestimated by the DM in this region of high Z and strongly deformed nuclei. In summary, nuclear ground-state properties were obtained from laser spectroscopy for the nobelium isotopes 252;253;254 No. The results are the first of their kind in the transfermium region, where elements are available in single-atom-at-atime quantities only. Besides the first experimental determination of the magnetic dipole and spectroscopic quadrupole moment of 253 No, the results of the isotope shift match well with changes in mean square charge radii calculated by nuclear DFT, which predict a strong central depression in the charge density of more than 12%. Laser spectroscopy, in combination with state-of-the art atomic calculations, can now also be employed to study the structure of K-isomers and the properties of deformed nuclei in the heavy-element region around nobelium, which forms the basis for a better understanding of the nuclear structure of the heaviest elements.
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